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ABSTRACT 


Organic light-emitting devices (OLEDs) represent a promising solution for the 
flat-panel displays of the new generation. In an effort to study the fundamental science 
underlying their functioning, most of the studies so far have relied on numerical tools for 
analysis. However attempts made to study the device phenomenon with the help of 
numerical simulations obscure the underlying device operation. Study under analytical 
framework provides a deeper understanding into the device operation. The aim of present 
work is to develop analytical models for the bilayer devices in particular, which reveals 
the dependence of current, efficiency etc on various devices parameters. Analytical 
models developed for single carrier bilayer device adequately predict quantitative 
dependence of current voltage (J-V) characteristics on energy and mobility discontinuities 
at the organic interface. The current is predominantly interface barrier limited and 
dependence of the current on both the volt^e and thickness is identical. The 
understanding gained from the single carrier devices is then applied to study bilayer 
devices under bipolar injection condition. Another important aspect of the present work is 
to explore the injection conditions analytically, when the developed models are likely to 
hold good. 



CONTENTS 


1 Introduction 1 

2 Single carrier hole only device 

2.1 Introduction 5 

2.2 Analytical Model: Forward bias 6 

2.3 Results and discussion 14 

2.4 Analytical Model: Reverse bias 1 8 

2.4.1 Case(i) 20 

2.4.2 Case (ii) 25 

2.4.3 Case (iii) 28 

3 Bilayer devices with bipolar injection 

3.1 Introduction 31 

3.2 Analytical Model 32 

3.3 Recombinadon 38 

4 Criteria for bulk-limited conduction 

4.1 Introduction 46 

4.2 The Etevice Physics 46 

4.3 Numerical simulation and analytical modeling 52 

4.3. 1 Analytical Model: Single layer hole only device structure 52 

4.3.2. Analytical model: Bilayer hole only device 60 

4.3. 3. Analytical model: Bilayer device with bipolar injection 62 

5 Conclusions 64 


VI 



6 References 


66 


7 Appendix 


67 


vii 



List of Symbols 


Symbol 

Description 

Unit 

k 

Boltzmann constant 

J/K 

(I 

Charge 

C 

n 

Electron concentration 

cm'^ 

p 

Hole concentration 

cm 

y 

Langevien recombination constant 

sec 

V 

Carrier velocity 

cm/s 


Permittivity 

F/cm 

X 

Electron Affinity 

eV 

A 

Hole Barrier 

eV 

4>. 

Electron Barrier 

eV 


Hole Mobility 

cmW-sec 

Mn 

Electron Mobility 

cm^/V-sec 

J 

Cunrent Density 

A/cm^ 

J ^ 

Hole Current Density 

A/cm^ 

K 

Electron Current Density 

A/cm^ 

E 

Electric Field 

V/cm 


Valence-band energy 

eV 


Conduction-band energy 

eV 

A£, 

Offset between valence-band 

eV 

A£, 

Offset between conduction-band 

eV 

V 

Applied bias 

V 


Built-in voltage 

V 




V 

Recombination density 

13 

cm 

c 

Capacitance 

F 

T 

Temperature 

K 

A 

Richardson’s constant 

A/cm^/K^ 


IX 



List of figures 


FigJi.l (a) Schematic diagram of a bilayer organic device 6 

Fig.2. 2 (b) Energy band diagram of bilayer OLED 6 

FigJS3£xpected and the simulated J-V characteristics of a hole-only bilayer 
OLED 8 

Fig3.4 (a) Simulated hole density profile for bilayer hole-only device 9 

Fig.23 (b) Simulated electric field profile for bilayer hole-only device 9 

Fig.2.4 Calculated and simulated J-V characteristics of bilayer hole-only device as a 

function of hole barrier at the organic interface 13 

Fig3.5 Calculated and simulated J-V characteristics of bilayer hole-only device as a 
function of hole barrier at the organic interface, with field dependence of mobility. 
14 


FI^JS^ (a) Calculated and simulated J-V characteristics of bilayer hole only device as a 

function of different blocking layer thicknesses 15 

Fig3^ (b) Variation in current density as a function of inverse cube of blocking layer 

thicknesses 15 

FigJ!>.7 (a) Calculated and simulated current density as a function of transport and 
blocking layer mobility ratio obtained for different values of blocking layer 


hole mobility 17 

FigJK.7 (b) Calculated and simulated current density as a function of transport and 
blocking layer mobility ratios obtained for different values of transport layer 

hole mobility 17 

Fi^3 .8 (a) Simulated variation of electric field profile for different mobility ratios 19 

£ig3^ (b) Simulated variation of hole density profile for different mobility ratios 19 

Fig3.9 Calculated and simulated reverse bias J-V characteristics of bilayer hole only 
device for different hole mobility ratios; for >1 24 


X 



Calculated and simulated reverse bias J-V characteristics, of bilayer hole only 
device >1, as a fimction of different blocking layer thicknesses 24 

Fig.2.11 Calculated and simulated reverse bias J-V characteristics of bilayer hole only 
device for different hole mobility ratios; for <1 27 

FigJ2.12 Calculated and simulated reverse bias J-V characteristics, of bilayer hole only 
device foryU^, < 1 , as a function of different blocking layer thicknesses 27 

FigJ2.13 Calculated and simulated reverse bias J-V characteristics of a bilayer hole only 
device for mobility ratios of =1 29 

F1g.2.14 Calculated and simulated reverse bias J-V characteristics, of a bilayer hole only 
device *=1, as a function of different blocking layer thicknesses 30 

Fiig3.7{a) Schematic diagram of a bilayer organic device 32 

Flg3.1 (b) Energy band diagram of b flayer OLED 32 

Fig33 (a) Simulated electric field profile for a bipolar bilayer device 33 

F1^33 (b) Simulated electron density profile fora bipolar bilayer device 33 

f1^33 Calculated and simulated J-V characteristics of a bipolar bilayer device 35 

Fig3.4 Calculated and simulated J-V characteristics of a bipolar bflayer device as a 

function of different ETL thicknesses 37 

Fig33 Calculated and simulated J-V characteristics of a bipolar bflayer device as a 

function of different electron mobility in ETL 37 

Fig3^ Recombination density in the vicinity of organic interface for different values of 

electron barrier heights at the organic interface for bilayer bipolar device 39 

Fig. 3.7 (a) Sectioned view of charge density, (b) electric field, (c) recombination density 

in the vicinity of organic interface 40 

Fig33 Calculated and simulated J-V characteristics of a bipolar bflayer device as a 

function of different election energy level offsets at the organic interfiice 43 

Fig3.9 Recombination density in the vicinity of organic interface for different values of 
hole barrier heights at the organic interface forbflayer bipolar device 44 


XI 



Fig3.10 Calculated and simulated J^V characteristics of a bipolar bilayer device as a 

function of diffeient hole enei^y level offset at the oiganic interface 44 

Fig-4.1 Calculated values of the injection current components and device current as a 

function of applied bias 50 

Fig.4^ (a) Simulated current density with respect to applied bias as a function of 

different hole banners at the anode for a single layer hole only device 51 

Fig.4^ (b) Simulated current density as a function of different hole barriers at anode, for 

a single layer hole only device at an constant applied bias 51 

Fig. 4.3 (a) Simulated spatial variation of hole concentration, at an applied bias of 5V, for 

bulk-limited conduction, for Au/Poly/Au device 53 

Fig. 4.3 (b) Simulated spatial variation of electric field, at an applied bias of 5V, for bulk- 

limited conduction, for Au/Poly/Au device 53 

Fig. 4.4 (a) Simulated spatial variation of hole concentration, at an applied bias of 5 V, for 

bulk-limited conduction, for ITO/Poly/Al device 54 

Fi^. 4.4 (b) Simulated spatial variation of electric field, at an applied bias of 5V, for bulk- 

limited conduction, for ITO/Poly/Al device 54 

Fig. 4.5 Variation in transition point fiom SCLC to contact limited regime, as a function 

of different values of device thickness, for a single layer hole only device 59 

Fig4.i6 Shows variatioQ in transition point from SCLC to contact limited regime as a 
function of different vaiu« of density of states in valence-band for a single layer hole 

only device 59 

Fig4.7 Shows variation in transition point from SCLC to contact limited regime as a 

function of valence-band discontinuity for a bilayer hole only device 62 

Fig.4.8 Shows variation in transition pomt from SCLC to contact limited regime as a 
function of valence-band discontinuity for a bilayer device under bipolar injection 
condition 63 


xii 



List of tables 


Table 2.1 Different values of hole mobility for >1 ,in reference to Fig.2.9 ...23 

Table 2.2 Different values of HTL and HBL thicknesses, in reference to Fig.2.10 23 

Table 2.3 Different values of hole mobility for pi <l,in reference to Fig.2.1 1...28 
Table 2.4 Different values of HTL and HBL thicknesses, in reference to Fig.2.12 28 



Chapter 1 


Introduction 


The observation of efficient electro-luminescence in organic semiconductors a 
decade ago added a new dimension to conventional display technology. Prospects for low 
manufacturing cost, ease of processing, color range and mechanical flexibility make them 
appealing candidates as active material in light emitting diodes (LEDs). Besides 
efficiencies, brightnesses and low drive voltages already achieved have established that 
their use in display applications is a real possibility [1 ]. 

The simplest organic light emitting diode stmcture consists of a thin layer of 
conjugated (alternate single and double bond) luminescent organic material sandwiched 
between two metal contacts .The organic materials used in OLEDs are undoped and have 
negligible intrinsic carrier densities, so that the current flow is due to charge carriers 
injected from the contacts. Adding an electronic charge to the undoped organic layer 
creates an accompanying lattice deformation. The charge and the accompanying lattice 
deformation is called as a polaron. For convenience, electron polarons and hole polarons 
are refened to simply as electrons and holes [2]. 

The rectification and light-emitting properties of the organic LED are caused by 
the use of asymmetric metal contacts. High work function metals inject holes more 
efficiently than electrons, and similarly low work function metals inject electrons more 
efficiently than holes. Therefore the high work function metal act as anode and the low 
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work function metal act as cathode. This also defines the forwatd and reverse bias 
directions ot the diode [3]. When sufficiently large bias is applied across the contacts, 
then the electron polarons are injected ftom one contact and the hole polarons are injected 
from the other contact. Polarons move across the device under the influence of electric 
field, until two charges of opposite polarity encounter each other, and recombine to form 
an exciton. Either a singlet or triplet exciton can be formed when an electron or hole 
annihilate together. The branching ratio for fo rming singlet or triplet excitons is not 
known, but if it is governed by statistics alone, then three triplets would be formed for 
every singlet. Since only the singlet excitons have an allowed optical transition to the 
ground state, therefore existence of triplet excitons would reduce possible organic LED 
efficiency by a factor of four [4]. 

Although easy to fabricate, such single layer organic LEDs are often inefficient. 
Two principal factors that limit the efficiency of single layer organic LEDs are: (i) 
different electron and hole mobilities cause the recombination to occur near a metal 
contact where dipole quenching and nonradiative losses reduce device efficiency, and (ii) 
unbalanced carrier injection results in a large fraction of one carrier type traversing the 
device without recombining. Bilayer, heterojunction organic LEDs are able to address 
these problems by controlling the distribution of carriers in the device using 
discontinuities in either the energy levels or carrier mobilities of the two organic 
materials used to fabricate the device. When the mobilities of the electrons and holes are 
significantly different, but good contacts can be made for both carrier types, then the role 
of the bilayer structure is to move the recombination away finm the electrode that injects 
low mobility carrier, in an organic material having equal electron and hole mobilities, but 
where the electron-injecting contact is not able to supply electrons fast enough to 
recombine with all the easily injected holes, the role of bUayer stracture is to prevent the 
holes firom traversing the device vrithout recombining. Use of energy level discontinuities 
to block the transport of the carrier that has higher mobility or that is injected more 
favorably, increases the device quantum efficiency. However, the device power 
efficiency, which is usually an important metric for LED performance, decreases. This 
requirement of large drive voltage can be remedied either by making the blocking layer 
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thinner or, by employing a layer that blocks the transport of favorable canrier and also 
enhances the qualities lacking in the inferior carrier [5]. 

Electro-luminescence in these multilayer devices is controlled by the buildup 
of internal space charges, across the orgairic interface. Low charge-carrier mobilities lead 
to the space charge buildup. Furthermore, presence of energy level offeets at the organic 
material interface in a hetero or multilayer device can be an additional source of buildup 
of interfacial space charges. Even in the absence of these energy barriers, the abrupt 
differences of charge-carrier mobilities in the respective layers of typical multilayer 
devices, lead in effect to the presence of mobility barriers at the hetero-interfaces, which 
in turn can be the source of interfacial space-charge formation. The interfacial charges 
have significant impact on the electro-luminescence and the performance of organic 
light-emitting diodes (OLEDs). Results clearly demonstrate that the tailoring of internal 
barriers in multilayer devices leads to significant improvement in device performance [6]. 

OLEDs arc a relatively new type of device. Because of this, the fundamental 
science underlying their functioning is still largely unexplored or poorly understood, and 
this may ultimately constitute an inhibiting factor for progress in the development of 
better-performing devices. Although considerable progress has been made in 
understanding the underlying science and solving issues that limit device performance, 
the operation of OLED, in particular multilayer devices, is stiU not fully understood. 
Most of the studies reported so far have employed numerical simulations as a tool for 
device analysis [6-8}. Although these simulations provide precise quantitative results, 
they often do not lead to a deeper understanding of the device itself Analytical models, 
although comparatively less accurate, have the advantage that they offer better insight 
into the device operation. However, because of the complexity of carrier injection, 
transport and recombination, very few analytical models have been reported. Even those 
that have been attempted end up with a set of transdental equations that has to be 
eventually solved by a computer [7]. A closed form expression revealing the dependence 
of current, efficiency etc on the device parameters is lacking at present. The aim of the 
present thesis is to develop such models for bilayer devices. 
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This thesis is oiganized in five chapters. In chapter-2 analytical models for the 
current-voltage characteristics {J-V) of single carrier bilayer structure both in the forward 
and reverse direction have been obtained. Chapter-3 is devoted to obtain analytical model 
for current-voltage characteristics (J-V) under bipolar injection condition and study of 
recombination for efficient luminescence. One simplifying assumption that is made 
during development of these analytical models is that the current is bulk-limited. 
Chapter-4 is devoted to the examination of conditions, under which this condition is 
likely to be true. Finally in chapter-5 the thesis concludes with important results of the 
present work. 
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Chapter 2 

Single carrier hole only Bilayer device 


2.1:lntrodiiCtion: Carriers injected into the organic layer can either recombine in the 
film or they can traverse the structure and reach the other contact without recombining. 
Carriers that traverse the device without recombining are wasted and the stmcture must 
be designed to minimize this possibility. Since the selection of electrode material and 
active components on the premise of their work function as well as their oxidation and 
reduction potentials is limited, one has to resort to more elaborate strategies, not only to 
improve injection, but at the same time to make optimum use of carriers once injected. 
Bilayer diodes employing two organic layers with different electronic energy structure 
and different charge carrier mobilities, allow these criteria to be more readily satisfied. 

Bilayer structures make use of two layers of different organic material. At the 
interface between two organic layers there is sizeable offset in energies of the HOMO 
and/or LUMO level of two layers (7]. Organic material which transports holes efficiently 
is referred to as hole transport layer (HTL), and one which blocks passage of holes is 
referred to as hole blocking layer (HBL) as shown in Fig.2.1. Offset at the interface, 
impedes the passage of carriers across the LED. This results in internal charge 
accumulation, redistribution of electric field, and associated feedback effects concerning 
the injection of holes and electrons, as well as branching between the recombination and 
drift towards the contacts [7,8]. Thus the relative energy levels and mobilities of electrons 
and holes of organic materials are important device design parameters, which play an 
important role in the operation of the device. 
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To provide a framework for understanding bilayer devices, the effect of energy 
level discontinuities at organic heterojunction are first studied in a bilayer single carrier 
(hole-only) structure. We develop analytical models that describe current density-voltage 
characteristics of bilayer hole-only device in the forward as well as reverse direction. 
These models explain the effect of hole energy level discontinuity on the current- voltage 
characteristics, and provide insight into operation of the device. 


Hole tnnspoit layer (HTL) Hole biodking layer (HBL) 


Anode 


Mftlciiai-1 

j Matenal-2 

1 

Cathode 


x«o 

X*d2 



(a) 



(b) 


Fig.2.1 (a) Schematic diagr am of a bilayer organic LED (b) and its associated energy band diagram. 


2.2: Analytical Model: Forward bias: 

We consider a bilayer organic device structure with material parameters typical of the 
conjugate organic materials used in OLEDs. The basic structure of an OLED consists of 
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inetal/material-l/materiaJ-2/metal, where mateiial-l act as hole-transport layer (HTL), 
and material-2 act as hole-blocking layer. Fig.2.1 shows structure of bilayer device with 
the associated band diagram. For sake of simplicity, we assume that the conduction 
eneigy level is same for both the organic materials, and there is only a ‘valence-band’ 
discontinuity at the organic interface. The hole injection barrier at the left contact is small 
(0.2eV), and electron injection barrier at the right contact is large enough to essentially 
make it a hole-only device. 

The interface is assumed to be free of sheets of charge, dipoles, or recombination, so that 
there is continuity of the electric displacement D , and the electrostatic potential <p across 
the interface. During initial analysis, the hole mobility is assumed to be constant and 
same in both the materials. Both the materials are assumed to have the same dielectric 
constant and the transport of boles in both the materials is assumed to be trap-fiee. The 
analytical model assumes diift-dij0fusion transport in the bulk and thermionic emission at 
metal-organic interface. It is well known that under bulk-limited and trap-fiee condition, 
the current in a single layer hole-only device is described by space charge limited current 
(SCLC) flow; 

J =le„e,M,(yyd‘) ( 22 . 1 ) 

where the symbols have their usual meaning. The presence of ‘valence-band’ 
discontinuity of height A£„ might be expected to reduce SCLC current in a hole-only 

bilayer device by a factor of exp(-Zi£„/fcr) so that the current density is given as: 

J ( 2 . 2 . 2 ) 

o 

In order to investigate the validity of this simple picture, numerical simulations were 
carried out using SimWindows simulator [17], which is based on drift-diffusion 
formalism in the bulk and thermionic emission at the metal-organic interface. Fig.2.2 
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Fig.2.2 Cuncnt density as a function of applied bias obtained &om numerical simulations (dotted line) of 
device shown in Fig^.l and diat obtained from Eq2.2.2 (solid line). The riection aiSnity is 3.0eV for both 
foe organic materials - The band fi)r organic material-1 is 2.4eV, and for organic material-2 is 3.0eV. 

The organic layears are each 500A* fokdc and have foe same hole mobility as 0.5x10'* cm^/V-sec. 


shows comparison of the result in a hole-only bilayer device obtained with the help of 
numerical simulations and those predicted by Eq (2.2.2), under forward bias condition .It 
can be seen that not only is the magnitude of the current predicted by the simple picture 
an underestimation of value obtained by numerical simulation, but the slope of the curve 
is also larger than 2, indicating that the current density can no longer be modeled as space 
charge limited. Although simulations do indicate that the current scales as 
~expC-AE,/jfcr) , It is clear that barrier at the organic interface plays a more complex 

role. 

Fig 2.3a and Fig 2.3b shows spatial variation of the hole density and the electric field as a 
function of ‘valence-band’ discontinuity at the organic interface. The simulation results 
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Fig.2.3b Simulated vaiiadcm of hole density profile for bilayer hole only devices as shown in Fig. 2.1 as a 
function of hole mergy levd discontinuity at the organic interface, at an applied bias of 12V. The electron 
affinity is 3.0cV for both foe c^rganic materials. The band for organic material-l is 2.4eV, and for 
organic znaterial-2 is varied fiom 2.4eV to S.OeV. The organic layers are each 500A* thick and have the 

same hole mobility as O-fixlC^ cm^A/” -sec. 



Distance From Anode ( A®) 


Fig«2.3b Simulated variation of electric field profile for the hole only as shown in Fig. 2,1 bilayer devices 
as a function of hole energy level discontinuity at the organic interface, at an implied bias of 12V. The 
electron affinity is S.OeV for both the organic materials. The band gap for organic matmal-1 is 2.4eV, and 
for organic matmal-2 is varied firom 2.4eV to S.OeV. The organic layers are each 500A^ thick and have the 

same hole mobility as 0.5x10’^ cmW-sec. 
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show, that for large hole barrier at the organic interface, hole density to the left of 
interface, pi(0‘)is much larger than the hole density to the right of interface p(O^). 
Spike in the hole density to the left of organic interface causes rapid change in the 
electric field at the interface. Thus, field in the hole blocking layer (HBL) is significantly 
larger than the field in the hole transport layer (HTL). For a large barrier of 0.6eV at the 
organic interface, almost all the electric field lies in the hole blocking layer (HBL). The 
electric field in the blocking layer is almost independent of the position, and increases 
rapidly with ‘valence-band’ discontinuity at the organic interface. This is in contrast to 
the electric field in the transport layer, where field is small and increases slowly with the 
‘valence-band’ discontinuity. 

Thus addition of blocking layer has two important effects, it results in accumulation of 
charges in the vicinity of organic interface by impeding the flow of carriers, and because 
of charge accumulation there is redistribution of electric field in the structure. This 
accumulation of holes at the interface tends to offset the tendency of the barrier to reduce 
carrier injection thereby resulting in larger current values. 

In the absence of any dipole layer at the interface, the electric field would be continuous 
across the interface so that drift component of hole current to the left of the interface 
(0") ) would be much larger than drift component of hole current to the right of the 

interface The only way in which continuity of hole current across the 

interface can then be maintained is if there is a large component of hole diffusion current 
to the left of the interface which is practically equal and opposite to the hole drift current. 

(O’ ) = (0-) (2.2.3) 

The presence of diffusion current, which opposes the drift current, implies positive 
gradient in hole concentration and thus accumulation of holes at the interface. Eq (2.2.3) 
also implies that quasi-equilibrium can be assumed to exist immediately to the left of the 
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organic interface, an important result that would be found very useful later in the 
derivation of the analytical model. 

From the Fig2.3b, it can be assumed without much error that the entire voltage across the 
device is dropped across the hole-blocking layer 

£(^->0) = (1/-V^.)M (2.2.4) 

where V is the applied bias and Vj,- is the built-in voltage. With the help of this 
expression, hole current in the hole-blocking layer can be expressed as: 

J,=qp(.0*)M,x(y-V,,)/d, (2.2.5) 

The hole concentration in the vicinity of organic interface can be related to the hole 
barrier of height AEy by: 

p(0* ) = p(0- ) X exp(- iSEy fkT) (2.2.6) 

As it is clear from the simulation results that the presence of the barrier results in large 
accumulation of holes at the left side of interface. If we assume, (p(x)« p(0') for 
x<0~) i.e. hole density elsewhere in the hole transport layer can be neglected m 
comparison with the hole density at the interfece ( ), then application of Gauss’s law at 
the interface gives: 


Q,=e,s^x(y-V,,)fd, (2.2.7) 

The simulation results also show that the hole density decays rapidly away from the 
interface in hole transport layer (HTL) which we assume to be exponential in nature: 
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pix) = piO " ) X exp(5c) for (x<0) 


( 2 . 2 . 8 ) 


Integration of Eq. (2.2.8) and substitution in Eq. (2.2.7) gives: 

p(O-) = (£„£, /q)^5x(y-V,,)/d, (2.2.9) 

Eq. (2.2.8) together with Eq. (2.2.3) implies quasi-equilibrium at the organic interface 
and yields an expression relating electric field at the interface and parameter S : 

E(^-)={kT/q)xS (2.2.10) 

Eq. (2.2.9), Eq. (2.2.10) along withEq. (2.2.4) provides means of relating p(0') with the 
applied voltage as: 

p(O-) = (f„eJkT)x(jy -V^)/dJ (2.2.11) 

Substituting Eq. (2.2.11) and Eq. (2.2.6) in Eq. (2.2.5) we arrive at the central expression 
for current density: 


Jp =^o^r >^l^p Xexp(-AEJA:T) 


( 2 . 2 . 12 ) 


But Eq. (2.2.12) is valid only for interface barriers, which are large enough to justify the 
assumptions made during the derivation. As the barrier reduces in the limit A£y 0 , the 
current predicted by Eq. (2.2.12) does not go to the SCLC limit This drawback can be 
rectified by casting Eq. (2.2.12) in a more instmctive form as: 






9 (V-Vj,) 

8 " 


2 ) 


xexp(- AEy fkT)x 


-X( — ) X 
9 


kT/q 


(2.2.13) 
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While the first term describes the conventional space charge limited current, the second 
term describes the role of the barrier in reducing carrier injection into the hole-blocking 
layer. The last term can be looked upon as the effect of barrier in causing accumulation of 
holes at the interface. A direct consequence of Eq. (2.2.13) is a new expression, which 
would correctly predict the behavior from large interface barriers down to zero interface 
barrier as well; 
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l.exp(AE.Ar)/-(-)»x(^) 


(2.2.14) 



Fig2.4 Cuirent density as a function of £^plied bias obtained from nummcal simulation (dotted lines) and 
that obtained jBrom Eq. (2.2.14) (solid lines) for die hole-only bilayer device as a function of diflferent 

values of hole barrier hei^t A£y at the organic interface. The hole mobility is equal to 0.5x10'^ cm^A^-sec 

in both the layers. The electron affinity is 3.0eV for boflx the organic materials. The band gap for organic 
material-1 is 2.4eV, and for organic material-2 is varied ftom 2.5eV to 3.0eV. 


13 



2.4:Resiilts and discussion: Fig 2.4 shows that the current values predicted by the 
above expression matches very well with the simulation results for the barrier heights 
varying from 0.6eV down to O.leV. Figure shows, variation of current density as the cube 
of applied voltage ~ and inverse cube of the blocking layer thickness 

i.e. ~ \jdl . Eq. (2.2.14) reduces to Eq. (2.2.12) for the interface barriers that are larger 
than about 0.25eV. In this case the current is predominantly interface barrier limited and 
dependence of the current on both the voltage and thickness is identical. However the 
proposed model slightly overestimates the current. This is because of two assumptions 
made during the derivation; first it was assumed that the entire voltage drops across the 
hole-blocking layer, which results in overestimation of field in this region. Secondly, it 
was assumed that hole density elsewhere in HTL, is small compared to that at the 
interface, which results in overestimation of hole density at the interface. 



Fig.2.5 Oaireat-Voltage (J-V) characteristics for hole-only bilayer device, as a function of valence band 
discantiniuty, taking into account fidd dependence of hole mobility. Curves show increase in the voltage 
to attain the same value of current density of O.lA/cm^. Curves are obtained with reference to Eq. (2.2.15) 
with similar device parameters as used to obtain Fig.2.4.Value of Eo is nearly equal to 1.5x10“ V/cm and 
hole mobility is 0.5x10 * cmW-sec in both the layers. 
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For large hole barrier heights, it is easy to mcorporate the dependence of mobility on the 
electric field since the field in the hole-blocking layer is large and unif orm. Assuming 

= /^02 ^ -^/^o )> obtain a more general expression for current density i 

hole-only bilayer device for large hole interface barrier heights as; 


m a 


a V-V , OJ -V Id '» 

Jp = xexp(Ji ^^xexp(-A£7*r) (2.2.15) 


Fig 2.5 shows that successively higher voltages are required to obtain the same value of 
current density as the energy barrier to hole injection from material- 1 to material-2 is 
increased. Even the modest 0.2eV barrier causes an increase in the voltage required to 



Fig.2.6a Calculated and simulated current density-Voltage characteristics for a bilayer hole only device 
wifo diffezmt bloddng layer thicknesses. Solid lines are obtained from Eq. (2.2.14) and dotted lines are 
obtained from numerical simulationJ'ig.2.6b Variation in curimt dorsity wxt variation in inverse cube 

of blocking layer thickness. Hole mobili^ is same 0.5x10'^ cm^A^-sec in both the layns. hr all the 
cases hole energy barrier at the organic intocface is 0.6eV and electron energy barrier is O.OeV. 
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obtain a given current. The curves are obtained by taking field dependence of mobility on 
the basis of Eq. (2.2.15). Similar results are reported by B.K. Crone et. al [5], but with E© 
equal to 2xlO‘‘V/cm. At the larger values of hole barrier at the organic interface, 
current at a particular voltage is significantly reduced. It is evident that even a small 
increase in the barrier at the organic interface can significantly increase the biasing 
requirements. This increase in the voltage caused by the increase of barrier at organic- 
organic interface is different from what occurs at an energy barrier between a metal 
contact and an organic. For injection from a contact, the metal acts as a large reservoir of 
charge and the current is space charge limited. While in case of heterojunction barrier at 
organic interface, increase in the voltage required to achieve a given current density 
indicates significant impedance of hole transport layer. 

Fig 2.6a shows the current density-voltage characteristics obtained for different values of 
blocking layer thicknesses, for the hole barrier height of 0.6eV at the organic interface. 
^2 =©.03,^2 =0.05,d2 =0.07 refers to the blocking layer thicknesses in microns for 
three different bilayer device structures. Fig.2.6b shows the variation of current density 
w.r.t variation of inverse cube of blocking layer thickness. Fig2.6a and Fig2.6b confirms 
that the current scales as - l/rfj . which is in agreement with what is predicted by the 
developed analytical model. 

The whole derivation was made under the assumption, that both the materials are same 
i.e. have same hole and electron mobility. Difference in the hole mobility also results in 
the accumulation of holes at the organic interface, and the impact of hole mobility 
discontinuity is similar to that of valence-band discontinuity. However an analysis of the 
steps involved in the derivation of analytical expression show that as long as there is a 
large accumulation of holes at the interface, the hole mobility difference in the two layers 
will not matter. Thus Eq. (2.2.12) will continue to hold good as long as barrier at the 
organic interface is large, except that fj.^ has to be interpreted as • mobility of the 

hole blocking layer. But as ~AE„ -» 0, Eq. (2.2.14) becomes equal to Eq. (2.2.1) for 
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SCLC in single layer single carrier device and the mobility should be interpreted as . 

Though it is difficult to develop a general analytical model that is valid for arbitrary 
values of hole barrier heights and mobility ratios, but Eq. (2.2.14) can be modified to take 
into account different hole mobility values in the two organic layers both at large and 
small barrier height at the organic interface as well: 




ly.ee XU 


1 + ^ X exp(A£, /ifcr )/ - X (— )" X ( 


f^pi 


9 d. 


y-y»^ 

kTlq 


(2.2.16) 



Fig 2.7 Shows variation in the calculaled and simulated caurent daisity as a fiincdon of the transport and 
blocking la 3 fer hole mobility ratk) ^ Fig.2.7 (a) blodring layer mobility , is varied and in 

Fig.2.7 (b) transport layer mobility is varied. Calculated values (solid lines) are obtained lEronaEq. 

(2.2.16) and simulated values (dotted lines) are obtained from numerical simulation. In eadx case constant 
mobility has a value as 0.5x10 ® cm^A^ -sec, and hole barrier is 0.6eV(0.2eV) at the organic interface. 
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Fig 2.7 shows the dependence of current density on the mobility ratio for both large and 
small barrier heights. Fig 2.7a shows the current density plotted w.r.t variation in 
mobility ratio, when (transport layer mobility) is kept constant and mobility of 

blocking layer, varied. While Fig. 2.7b shows variation of current density w.r.t 

variation in mobility ratio, when is varied and is kept constant. Both the figures 

along with equation establishes the fact that the current density is rather insensitive to the 
transport layer mobility, and scales directly with the blocking layer mobility, as long as 
barrier at the interface is kept large enough to block the transport of holes. 


2.4:AiialyticaI Model: Revere bias: 

hi the previous section, an analytical model for bilayer hole-only device, under forward 
bias condition was developed. We further investigate the behavior of bilayer hole-only 
device under reverse biased condition, hi this section the term reverse bias is used to 
define the condition when positive voltage is applied at cathode, and the injected carriers 
move from cathode towards anode, under the influence of electric field. This is different 
from the terminology used in normal semiconductor rectifying diodes, were such biasing 
condition significantly reduces the current carried by the diode. Here under the reverse 
bias condition barrier to hole injection at the cathode is low and current carried by the 
device is considerable. 

Fig.2.8 shows the simulated electric field and hole density profile, for the hole-only two 
layer devices under reverse bias condition, for three different cases: (i) When the hole 
mobility in the transport layer is greater than the hole mobility in the blocking-layer (ii) 
When the hole mobility in the transport layer is less than the hole mobility in the 
blocking-layer (iii) When the hole mobility in the transport layer is equal to the hole 
mobility in the blocking-layer. These simulated results will aid in subsequent discussion, 
and the development of analytical models under reverse biased condition. 
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Fig«2.8a Shows simulated variation of electric field profile and. Fig2^b shows simulated variation of hole 
density profile in a bilayer hole only device under the reverse bias condition. Ratio of hole mobility in the 

transport layer and in the blocking layer: t^pij hi case (i) is 100, in case (ii) is 0.01, and in case (iii) is 

l.The hole mobility in the blocking layrar in each case is 0.5xl0’^cm^A^ -sec.and hole injection barrier at the 
cathode is 0.2eV.The hole barrier at the organic interface is 0.6eV. 
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2.41 Case (i) >ju^^ 

The simulation results show, that the spatial variation of the electric field and charge 
density in the blocking-layer are similar to that of a single carrier (hole-only) single layer 
device. For small values of hole energy barrier at cathode, current in the blocking layer 
can be expressed under the limit of space charge limited conduction as: 


r 9 V/ 


(2.4.1.1) 


where V) is the voltage drop across the blocking layer. If V 2 can be expressed as a 
lunction of applied voltage, then the current density can be determined in terms of known 
parameters. Thus the problem condenses to finding the fraction of applied voltage that 
drops across the blocking layer. 

For the space charge limited conduction, spatial variation of electric field in the blocking 
layer can be expressed as [1 6]: 


(2.4.1.2) 


Then the electric field at the organic interface £(0) , or at the distance ^2 
injecting contact becomes equal to: 


£( 0 -) 


1 


IJd, 




(2.4.1. 3) 


In the absence of dipole layer, electric field should be continuous across the organic 
interface: 

£(0') ~ £(-tfi) (2.4.1. 4) 
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The simulation results in Fig 2.8a show that the electric field is constant in the transport 
layer due to higher mobility of holes in the transport layer. Then the voltage drop across 
the blocking layer can be expressed as: 


=V-E{0-)xd, 


(2.4.1. 5) 


Eq. (2.4. 1 .3) together with Eq. (2.4.1 .5) can be used to express V 2 as: 





(2.4. 1.6) 


Substitution of Eq. (2.4.1. 6) in Eq. (2.4. 1.1) yields the expression for current density as: 


/ = 


9 

8 


^2 , 


V-d, 



(2.4.1. 7) 


Reairangement of the above expression gives: 




This is approximately equal to: 





id:,+Sd,) 


(2.4. 1.8) 


Thus from the above relation, current density can be expressed in the terms of applied 
voltage as: 
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(2.4. 1.9) 


dy^ldlf 


Inclusion of built-in voltage yields the final expression of current density as: 


eoe,fx^z(y 

(d,^ + d,^f 


(2.4.1.10) 


Eq. (2.4.1.10) implies that the current is still space charge limited, with mobility equal to 
the blocking -layer mobility, and the effective thickness equal to . 

Furthermore, the equation can also help to experimentally determine the value of 
blocking-layer mobility, fiom the current density-voltage characteristics, provided that 
the transport layer mobility is greater than the blocking layer mobility: , and 

the device structure is similar to that shown in Fig.2.1, for which the model is derived. 

Fig.2.9 shows the calculated and simulated current density-voltage (J-V) characteristics 
of different bilayer single-carrier (hole-only) device structures under reverse biased 
condition, as a function of different transport and blocking layer mobilities. The curves 
A, B, C, D are obtained for device stmctures with different hole mobility values tabulated 
in Table2.1.In all the cases the blocking layer thickness is equal to the transport layer 
thickness. Figure shows that the values predicted by Eq. (2.4.1.10) are in good agreement 
with the results obtained with the help of numerical simulator. The match with the 
simulated curves becomes better at higher applied bias. These results confirm that the 
current density scales proportionally with the blocking-layer mobility, when the hole 
mobility in the transport layer mobility is greater than the hole mobility in the blocking 
layer i.e. 

Fig.2.10 shows the simulated and calculated curves for the different values of transport- 
layer and blocking-layer thicknesses, tabulated in Table 2.2. Decrease m the value of the 
blocking layer thickness results in larger value of the current density. Figure shows that 
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though the calculated values are approximately equal to the simulated values in 
magnitude, but the slope of the two curves are not exactly same. The results show that the 
calculated curves have greater slope than the simulated curves. It is quiet clear that 
though this particular model is good for etude analysis, it doesn’t precisely describe the 
characteristics of device. As the complete derivation was made trader the assumption of 
bulk-limited conduction and current was modeled with Eq. (2.4. 1.1) initially, it is 
expected that current doesn’t exactly follow the trend predicted by Eq. (2.4.1 .1). To 
further explore the behavior in reverse direction we consider the case when the transport 
layer mobility is less than the mobility in blocking layer. 


Table 2.1 



A 

B 

C 

D 

Thickness (microns) 

jU^^(cm^/V-sec} 

5.00E-05 

5.00E-06 

5.00E-07 

5.00E-07 

(il=5.00E-02 

P-pr (cmVV-sec) 

5.00E-07 

5.00E-07 

5.00E-08 

i 

5.00E-09 

d2=5.00E-02 


Table 2.2 



A 

B 

C 

Mobility (cm^/V-sec) 

di(microns) 

0.08 

0.02 

0.05 

//pi=5.00E-07 

rfj (microns) 

0.02 

0.08 

0.05 

/tp2=5.00E-09 
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Fig«2.9 CuxTcnt density as a fiioction of f^plied bias obtained from the numedcal simulation (dotted line) of 
the device shown in Fig.2.1 and that obtained from Eq,2.4. 1.10 (solid line) under reverse bias, for different 
nGtobillQ^ values mentioned m Td)le,2.1. The hole (electron) barrier at the organic interface is 0.6eV 
(O.OeV). 



Fig.2.10 Current density as a function of ^plied bias obtained from numerical simulations (dotted line) of 
the device shown in Fig.2.1 aid that obtained from Eq.2.4.1 .10 (solid line) under reverse bias, for different 
HTL and HBL thicknesses mentioned in Table.2.2, The hole (electron) barrier at the organic interface is 
0.6eV (O.OeV). 
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2.4.2 Case (ii)/^pi 

The simulation results in Fig.2.8 show that the spatial variation of electric field in both 
the blocking layer and the transport layer is similar to the case of single layer single 
carrier (hole-only) device. The rate of change of the electric field is characteristic of the 
hole mobility of the organic material. Under the assumption that the current in the LED 
compartments is space charge limited rather than injection limited, we have current 
density in the hole transport layer expressed as: 


J = 


9 

g o rr^ pi 



(2.4.2.1) 


To obtain current density in terms of the applied bias V, we need to relate the apphed 
voltage V with the voltage drop across the transport layer Vj. From the fact that the 
electric field varies as in case of a single layer single carrier device in both the organic 
layers, we can obtain voltage drop across the blocking-layer by integrating the electric 
field in the blocking layer [16]: 



27(^3 




2J 




Xd 


K 


(2.4.2.2) 


With the help of above expression voltage drop across transport layer (HTL) can be 
related to applied voltage as: 





(2.4.23) 


Eq. (2.4.2. 1) along with Eq. (2.4.2.3) yields: 
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Which can be arranged in a more informative way as: 


V 


27 


\dl 


V 



(2.4.2.4) 


From the Eq. (2.4.2.4), current density can be expressed in terms of applied voltage as: 



(2.4.2.5) 


Eq. (2.4.2.5) defines the current density-voltage characteristics of the organic light 
emitting diode for the reverse bias, under the aforementioned mobility condition in the 
two organic layers. Inclusion of the built-in voltage provides better matching with the 
simulated characteristics: 



(2.4.2.6) 
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Fig^ll Cunmt deasi^ as a fiinction of spplied bias obtained fix)m numeiical simulations (dotted line) of 
flic device shown in Fig.2.1 and tibat obtained from Eq.2.4.2.6 (solid line) under reverse bias for different 
mobiliOr values mentioi»d in Tai>ie.2.3. The hole (electron) barrier at the organic interface is 0.6eV 
(O.OeV). 



Fig.2.12 Current density as a function of t^plied bias obtained from nummcal simulations (dotted line) of 
the device shown in Hg.2.1 and diat obtained firom Eq^.4.2.6 (solid line) under reverse bias for different 
HTL and HBL thicbiesses mentioned in Table.2.4. The hole (dectron) barrier at the organic inteifrice is 
O.6eV(0.0eV). 
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Fig 2.1 1 shows the simulated aud calculated cuirent voltage curves for bilayer device 
under reverse biased condition, for the different naobility values tabulated in Table2.3. 
The simulated and calculated values are in good agreement with each other. The 
simulations were carried out for different values of hole mobility in HTL and HBL, but in 
each case the transport layer mobility was less than the blocking layer mobility. Fig 2.12 
shows current voltage characteristics plotted for different thicknesses of the blocking 
layer and the transport layer tabulated in Table 2.4. The model developed shows better 
match with the simulated results, than in the case when . At the higher applied 

bias difference between the simulated and predicted value decreases. 


Table 2.3 



A 

B 

C 

D 

Thickness (microns) 

/Tpj (cn^A^-sec) 

5.00E-07 

5.00E-07 

5.00E-08 

5.00E-09 

dl=5.00E-02 

Pp 2 (pm^/V-sec) 

5.00E-06 

5.00E-05 

5.00E-07 

5.00B-07 

d2=5.00E-02 


Table 2.4 



A 

B 

C 

Mobility (crr^/V-sec) 

cfj (microns) 

0.02 

0.05 

0.08 

~5.00E-08 

r/j (microns) 

0.08 

0.05 

0.02 

yUp2=5.00E-07 


Case 2.43: p^i^p^z 

Up tiU now we have considered two cases where there was difference in mobility in the 
blocking l^er and the transport layer. The simulations carried out for the device having 
5 blockipg layer and transport layer mobility show, that the field and the charge 
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profile in such device structures is essentially equal to that of single layer single carrier 
(hole-only) device which can simply be expressed by space charge limited conduction; 


9 


(2.4.3.1) 


When modeled in terms of space charge limited current, the simulations carried out show 
good agreement with the values predicted given by Eq (2.4.3. 1). Fig 2.14 shows that 
variation in relative thickness of the hole transport layer and the hole blocking layer has 
negligible effect on the current density-voltage characteristics in case of the equal 
mobility of two layers. 



Fig.2.13 Cuirent densiQr as a function of implied bias obtained &omntunmical sinonlations (dotted line) of 
the device shown in Fig.2.1 and that obtained from Eq.2.4.3.1 (solid line) under reverse bias for same hole 
mobility value of 0.5xl0'‘cmW-sec in both the laym. The hole (dectron) barrier at the organic interface 
is 0.6eV (O.OeV). 
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Cathod* 


Fig.2.14 Current density as a function of ^plied bias obtained fiom numerical simulations (dotted line) of 
the device shown in Fig.2.1 and diat obtained from Eq.2.4.3.1 (solid line) under revocse bias for differmt 
HTL and HBL thickness^ moitioned in Table.2.3. The hole (electron) barrier at the organic interfrce is 
0.6eV (O.OeV). Both tlw layers haveanholemobilityof0.5xlO'‘cm^A^-sec. 


To summarize, analytical models for the hole-only bilayer organic OLED has been 
developed. The models developed predict the dependence of current density on the 
voltage, material thickness and the interface barrier heights in forward direction as well 
as reverse direction. 
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Chapter 3 

Bilayer device with bipolar injection: 

3.1 Introduction: The previous chapter discusses bilayer single carrier structures in 
which energy barrier to injection of one carrier type is significantly larger than the other, 
so that the current flow in the device is dominated by single carrier type. Although such 
structures provide a comparatively simple situation in which to study the operating 
principles of organic diode, such single carrier structures do not function as LEDs. 
Devices in which both carrier types are efficiently injected exhibit strong electro- 
luminescence and meet specifications of target applications. 

The properties and mechanisms of physical processes involved in bilayer bipolar devices 
are subject to analytical as well as numerical investigation. We focus on the study of 
bilayer devices under bipolar injection condition by developing a simple analytical model 
that adequately describes the current density-voltage characteristics of the device. In 
addition to the current voltage characteristics, understanding of operation of an organic 
LED also requires knowledge of the recombination process involved. In this chapter, a 
conceptional framework is laid down to qualitatively describe the phenomenon related to 
charge recombination in organic LEDs. The results interpreted from simulated spatial 
variation of electric field, charge density and recombination rate density, shows shift in 
magnitude and pedc of the recombination zone, with band offset at organic interface and 
provide important guidelines for optimizing bilayer LEDs. 
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Hg3. 1 (a) Scbomatic of a bilaycr orgamc LED (b) and its associated energy band diagram. 


3.2A]ialytical Model; To illustrate the performance of a bilayer device under bipolar 
injection condition, we consider a device structure as shown in Fig.3.1 (a). The device 
consists of a hole transport layer (material-1) and an electron transport layer (material-2). 
The associated band diagram under flat band condition is shown in Fig 3.1(b). For 
simplicity, we assume that there is only a ‘valence-band’ discontinuity at the organic 
interface, such that the passage of holes across the internal interface towards the cathode 
is impeded by an energy barrier of height . We assume that the hole (electron) barrier 

at anode (cathode) is small enough to provide space charge limited current. The hole 
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Fig 3.2(a). Electrical as a function of distance^ obtained from the numerical simulation of a bilayer 
bi^lar device. Fig 3.2(b). Ekclron densi^ as a function of distance obtained from die numoical 
rimnlation. The hole barrier AEv is 0.6eV, and electron bania AEc is O.OeV at the organic interface. The 
hole (electron) barrier at tire anode (cadiode) is 0.2eV(0.1eV). Both layers are of equal duckness and have 
equal hole (electron) noobilily of O.Sx 10 * (0.5x 10'*) cmW-sec. 


(electron) mobility in the electron transport layer is same as the hole (electron) mobility 
in hole transport layer. But in both the layers, the electron mobility is two orders of 
magnitude smaller than the hole mobility. The analytical model assumes drift dififusion 
transport in bulk and thermionic emission at organic interface. Transport of the holes and 
electrons in both the materials is assumed to be trap ftee. 

Fig.3.2 (b) shows the electron density profile for a bilayer device structure under bipolar 
injection condition, obtained with the help of numerical simulator. The large hole barrier 
at the organic interface results in accumulation of holes at the organic interface in HTL, 
and very low hole density in the right layer (ETL). For the small barrier to electron 
injection at cathode, large electron density determines the device current in the ETL: 
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J ~ J„ and ~ 0 for x > 0 


(3.2.1) 


The simulation results suggest that the electric field and electron density profile in the 
electron transport layer is similar to that of a single layer electron only device. This 
behavior is very well theoretically justified because of the presence of small electron 
energy barrier at the cathode and large hole energy barrier at the organic interface. Then 
under bulk-limited trap free condition, current in ETL can be described by SCLC as: 


J = 


9"l 




‘n2 


V ^ 


(3.2.2) 


where Vgj-i. voltage drop across electron transport layer. The bilayer device structure 
has a much higher electric field in the right layer. This higher value of the electric field is 
required to drive electron current with low electron mobility. Thus, it can be assumed 
without much error that all the applied voltage is used to drive low mobility electrons in 
the electron transport layer 

(3.2.3) 


Eq. (3.2.2) along with the Eq. (3.2.3), can now be used to express the current density in 
terms of applied voltage as: 



Eq. (3.2.4) suggests that the bilayer device under bipolar injection condition, behaves as a 
single layer electron only device, with effective length equal to the electron transport 
layer thickness mobility equal to the electron mobility in ETL. 
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However in case of bipolar devices, there is significant difference between the woric 
function of anode and cathode, and a built in potential Vk, is established in the organic 
layer at zero bias. This built in potential fundamentally affects the operating 
characteristics of diode. In the simple picture, Vj,- is equal to work function difference 
between anode and cathode (Vj. =<j>^ To properly characterize the device, this 
built-in potential must be subtracted from the applied bias: 


■r — 


■n,)’ 


(3.2.5) 



Voltage(V) 

Fig 33: Ctmcnl density of a bilayer device under bipolar injection condition, as a function of applied bias 
obtained by numerical simulation (dotted line) and that obtained from Eq. (3.2.5) (solid line). The hole 
^crgy barrier at the organic interface is O.deVand electron energy barrier at the interface is O.OeV. The 
hole (electron) mobifity in BTL and HTL is 0.5x10 ® (O.SxlO'*) cm'^A^-sec. 


Fig. 3.3 shows that the current density predicted by the above expression, matches very 
well with the simulated results at higher voltages. The onset of J-V curves is shown from 
2V in the figure. It was observed during simulations that at low voltage values match is 
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not as good as at high voltage values. This is because at low voltages built-in voltage 
affects the operating characteristics of diode. For an applied bias less than Vh the electric 
field inside the diode opposes charge injection and forward drift current, and the current 
may flow by diffusion [13]. 

The simulation results shown in figure were carried out for a device structure having hole 
barrier of 0.6eV at the organic interface. However Ecj. (3.2.5) has been obtained without 
any reference to the magnitude of ‘valence-band’ discontinuity AE^ at the organic 
interface. This implies, that the equation should hold good irrespective of any value of 
Aiiy , provided is large enough to efficiently block the passage of holes towards the 
cathode. 

Fig 3.4 shows con^arison of current density— voltage characteristics obtained with the 
help of numerical simulator and those obtained from Eq. (3.2.5) as a function of different 
ETL thicknesses. Comparison between the simulated and calculated curves show that for 
smaller value of the ETL thickness proposed model overestimates the current. This is 
because, while developing the analytical model it was assumed that nearly aU the applied 
voltage is used to drive electron current with low mobility electrons. As the thickness of 
ETL decreases lesser fiactiion of the applied voltage will be used to drive electron current 
in the ETL. For larger thickness of the ETL, there is better matching between the 
simulated and calculated curves. However contrary to the expectation, the simulated 
value of the current overestimates the calculated value of the current. The reason for this 
behavior in the calculated and simulated current values couldn’t be properly justified 
from the steps involved and assumptions made to derive the model, and is a question of 
further study. 

It can be observed from the Eq. (3.2.5) that the current density is dependent on the 
electron mobility , in electron transport layer. Fig.3.5 shows that the model correctly 
describes the dependence of current density on the electron mobility in ETL. While doing 
numerical simulations, ratio of hole and electron mobility in ETL and HTL is kept 
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Fig 3.4: Current density- voltage diaracteristics obtained from numerical simulation (dotted-line) and diat 
obtained from Bq. (3.2.5) (sdtid line) as a fimctkni of diffexmt election transport layer (ETL) thicknesses 
for a b^olv bila^ device. Characteristics are obtained for die hole bairier AEv of 0.6eV and the electron 
barrier AEe of O.OeV at ft® t^ganic inter&ce. The hole (electron) barrier at anode(cathode) is 
0.2eV(0. leV), and d» hole (dectron) mobility is 0.5x10^ (05x10 *) cmW-sec in both the layers. 



?ig 3.5:Cnnent density-voltage characteristics obtained from numerical smralalion (dotted line) and that 
rbtained from Eq. (3.2.5) (solid line) as a function of different dectron mobility in ETL for a bilayer 
)ipolar device. Characteristics are obtained for die hole bmiier AEv of 0.6eV and die electron barrio- AEc 
if O.OeV at the organic intorfece. The hole (dectron) barrier at anode (cathode) is 02eV(0.1eV), and the 
lole (electron) mobility is 0.5x10’* (0.5x10’*) ca^lV-sec in both the layers. 
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constant, such that the assumption of all the applied voltage driving the low mobility 
electrons is justified. Figure shows that the cunent density scales with the mobility of 
electron in the electron transpoit layer. However the simulated value of the cunent 
density exceeds the catlculated value. The reason for this behavior couldn’t be properly 
explained from the assumptions made while arriving at the analytical model. 

Furthermore, the analytical model was derived without any reference to recombination 
process. This is because, in view of bimolecular nature of the recombination, there are 
very few holes available on the other side of the hole barrier in ETL to recombine with 
the incoming electron flux. Thus we assume that the error caused in making this 
assumption is very less. However an understanding of fundamentals of the LED 
operation also requires detailed knowledge of the recombination process involved. In the 
next section we address the problem of recombination that is too important to be ignored 

3.3 Recombination: Bfectro-luminescence from organic LED is the result of 
formation of emissive excited state via recombination of pair of charge carriers injected 
fipom the electrodes. Fbr efiiciaat recombination it is necessary that the local space charge 
density is very high. This is certainly enhanced iu heterojunction devices where 
confinement at the heterojunction causes buildup in space charge. We mvestigate the 
effect of the ‘valence-band’ and ‘conduction-band’ ofiset at the oiganic interface on the 
profile and magnitude of space charge buildup, and hence on the radiative recombination. 

We consider a bilayar device structure as shown in Fig 3.1(a). We ^sume that there is 
‘valence-band’ as well as ‘conduction-band’ discontinuity at the oiganic interface. We 
also assume that tihe hole (election) injection barrier at the anode (cathode) is small 
enough 0.2eV(0.1eV), so that maximum carriers are confined in the LED compartment 
resulting in maximum recombination. The hole and electron mobility in material- 1 and 
material-2 are same. To study the effect caused by the ‘valence-band’ and ‘conduction- 
band’ offset, on the peak and position of recombination zone, we keep the ‘valence-band’ 
discontinuity equal to 0.6eV, and change the ‘conduction-band’ discontiauity 
fiom O.O-l.OeV by varying the bandgap and ionization potential of material-2. Fig 3.6 
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shows recombinatioQ profile in the vicinity of organic interface. Recombination value to 
the left of orgaitic interface in the hole transport layer is denoted by f/(0') , and that to 
the right of organic interface in ETL is denoted by 1/(0^). 

Fig 3.6 shows, that for smaller values of ‘conduction-band’ discontinuity, maximum 
recombination occurs to the left of organic interface and recombination in the electron 
transport layer is very low. But, as AE^ is increased maximum recombination peak shifts 
to the right of interface and magnitude of recombination peak to the left of interface 
successively decreases. This transition in the shift of maximum recombination peak fiom 
HTL to ETL is quiet sharp. For A£^ greater than or equal to 0.6eV maximum 

recombination peak is centered in the ETL. To understand the trend followed in the shift 
of maxinuim recombination peak and position, it is useful to consider the electric field, 



Conduction band discontinuity E^teV) 

Fig 3.6 Recombination density in the vicinity of die organic interface for different vakes of electron barrier 
hftight at the organic interface for a bilayer bipolar device. The valence band offset is kept equal to 0.6eV. 
U(0 ) doiotes recombination peak to the left of interface, and U(0+) doiotes recombination peak to tire 
ri^t of intfflface. The hole (electron) barrier at anode (cathode) is 0.2eV(0. leV) in both the layers. 
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□slarretanArifeCtnmcrt^ 


Fig 3.7 (a) Shows variation of electron and hole density. Fig 3.7 (b) Shows variation of dlectric field. Fig 3.7 
(c) Shows variation of leconabination rate profile, corresponding to point A and B mentioned in Fig 3.6. Point 

A corresponds to hole barrio AE^ of 0.6eV, and electron barria: AE^ of O.OeV at flie organic inteifece. And 

the point B corresponds to tbe hole barrier AE„ of 0.6eV, and electron barrier AE^ of 1 .OeV at the organic 
interfece. The hole (electron) barrier at anode (cathode) is 0.2eV(0.1eV), and hole (dectron) mobility is 
0.5x10'® (0.5x1 O’*) cm^/V-sec. 
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earner density and recombination rate profile as well. Fig 3.7 shows sectioned view of 
electric field, canrier density and recombination near the organic interface. To provide an 
elaborate qualitative explanation that is able to account for the nature of rnayiTmim 
recombination peak shift with the conduction band offeet, we take two diametrically 
opposite points A and B on the curve as shown in Fig.3.6. 

Corresponding to point A, the holes traversing from anode towards cathode face a barrier 
of 0.6eV at the organic interface, but election flux traversing from cathode towards anode 
does not face any barrier. The presence of barrier for holes results in large accumulation 
of holes to the left side of interface but few holes to the other side of interface. The 
accumulated holes to the left of organic interface, encounters incoming electron flux, 
resulting in high recombination peak U (0") to the left of organic interface. The fact that 
there are large electrons but few holes available to recombine to the right of interface 
results mthe small value of recombination peak UiO *) . 

At point B, AE, is equal to l.OeV and A£, is equal to 0.6eV at organic interface. This 
results in a large hole concentration to the left of interface and large electron 
concentration to the right of interface. The presence of high charge density on the two 
sides of interface increases the electric field at the interface. The increased field ftirther 
results in the high accumulation of holes to the left of organic interface, such that hole 
density to the left of interface is nearly equal to the electron density to the right of organic 
interface. The magnitude of the recombination peak to the left side of interface is a 
function of number of electrons that can cross the electron barrier fiom ETL towards 
HTL. Similarly recombination peak to the right side of interface is a function of holes 
that can cross the hole barrier at the interface, and move fiom HTL towards ETL. Despite 
the presence of equal electron and hole concentration on the two sides of the barrier, fact 
that there exists lower hole barrier at the organic interface results in increase in the 
firaction of holes making it to the other side of interface and thereby high U(0*). The 
small number of electrons crossing the barrier towards HTL results in the smaller value 
of recombination peak to the left side of interface. 
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The intermittciit points between A and B can be explained in view of branching ratio of 
the earners remaining to the one side of the interfece and those malcing it to the other side 
of the interface. Furthermore branching between the recombination and carrier drift 
results from complex interplay between charge accumulation and field assisted barrier 
crossing with the change in electron and hole ofiftets at the interface, which affects the 
profile of recombination rate m LED. 

Fig 3.7 shows that once maximum recombination peak shifts in ETL, recombination zone 
becomes evenly spread and confined in ETL layer thereby resulting in superior 
performance as LED. In view of bimolecular nature of recombination an important 
guiding principal for LED operation is to increase the bipolar charge density stored in the 
active layer. Fig 3.7 shows that for AE, equal to 0.6eV and conduction baud offeet 
greater than or equal 0.6eV, electron and hole densities are more evenly spread through 
the electron transport layer, with peak carrier densities occurring at heterojxmction, 
resulting in an improved recombination profile in electron transport layer. Thus control of 
interface may be among more important determining factors in the eventual success of 
LED. 

Pbllowing the trend seen in shift of the peak and magnitude of recombination zone with 
change in conduction-band oflfeet at the organic interface, we further investigate the 
effect of conduction band discontinuity under similar conditions on current voltage 
characteristics. Fig 3.8 shows the current voltage characteristics obtained as a function of 
different values of conduction-band offeet. It can be seen that all the curves nearly fall on 
each other and brmch together. However surprisingly current values for higher 
‘conduction-band’ discontinuity is greater than the cases with no ‘conduction-band’ 
discontinuity at the offset. Explanation of this behavior stems from the fact, that presence 
of high electron barrier increases the accumulation of holes on the other side of junction, 
which in turn enhances the finction of holes making it to the other side of barrier. 
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Fig 3^ S i i B P to ted cinreat density-voltage chaiac^eiistics for tbe bipolar bilayer devices, as a function of 
dectron eneigy level discontinuity at tiie caganic intei&ce. The valence levd discontinuity is kept equal to 
0.6eV k all cases. The hole (election) battier at die anode (cafliode) is 0.2eV (O.leV), and hole (electron) 
the mobility is O-SkIO"* (O-SxlO"*) cm?/V-sec inbofli die layers. 


The presence of high mobility holes in ETL requires smaller voltage to attain the same 
value of current density. Another important inference that can be drawn from Fig.3.8 is: 
that the analytical model derived in section 2.2 is valid for structures having conduction- 
band discontinuity as well. 

Almost similar behavior in the recombination profile centered near heterojunction is 
observed when the ‘valence-band’ offset is varied from O.OeV to l.OeV and the 
‘conduction-band’ discontinuity is kept equal to 0.6eV. Fig. 3.9 shows the recombination 
rate profile with change in the ‘valence-band’ discontinuity. Corresponding to point B, 
hole barrier at the interface is l.OeV and electron barrier is 0.6eV.The electron and the 
hole barriers at the interface, results in high hole concentration in HTL and high electron 
concencentration in ETL. The lesser electron barrier results in more elections traversing 
towards hole transport layer and thereby resulting in high recombination peak f/(0' ) in 
HTL. At point 
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Fig 3S RecombinalioiiL density in die vicinity of the organic interface for different values of hole hairier 
hdight M die oxganio inteifiEK^ for a bilayer bipolar device. Conduction band offiet is kept equal to 0,66V. U 
(O') doiotes recoxxd)xnsdon peak to die left of interface, and UCO*^ denotes recombination peak to the right 
of intorface. The hole (dbctron) banier at anode (cathode) is 0.2eV(0.1eV)), and the hole (electron) 
mobility is O-SkIO"^ (0,5x10'*) cmVV-sec in both the layers. 



Fig 3.10 Simulated current density-voltage characteristics for the bipolar bilayer devices as a function of 
hole energy level discontinuity at organic interface. The electron level discontinuity is kept equal to 0.6eV 
in all cases. The hole (electron) barrier at the anode (cathode) is 0.2eV(0.1eV)), and the hole (electron) 
mobility is 0.5x10’^ (0.5x10“*) cm^A^-sec in both the layers. 


44 




A there is no hole bamer at the inter&ce. The high mobility holes traversing towards 
cathode prevent the accumulation of electrons at the oiganic interface. This result is 
highest recombination peak to be centered near cathode (electron injecting contact). The 
trend observed in current density-voltage characteristics as a function of hole 
discontinuity is different from what was observer in Fig.3.8. The difference in the 
magnitude and behavior of J-V curves stems from the fact that for lower hole barrier at 
the interface, large density of holes cross the barrier and reach the electron transport 
layer. Smaller value of applied bias will be required to attain the same value of current 
density because of presence of large hole density m ETL, with hole mobility greater than 
that of electrons. The current-voltage characteristics arc thus more sensitive to hole 
barrier at the interface due to higher hole mobility. 

To summarize the magnitude and position of recombination peak is heavily dependent 
upon the relative magnitude of electron and hole energy level offsets at interface. A more 
evenly spread recombination rate can be achieved through the choice of proper ofifeets at 
the interface. From Fig.3.6 it can be observed that best device performance regarding 
recombination rate is achieved jfor ‘valence-band’ ofifeet of 0.6eV, and when ‘conduction 
band’ offset AE,is kept 2:0.6cV. This results in recombination profile, which is 
significant throughout the election transport layer rather then merely at the contacts or 
heteiojunction. 
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Chapter 4 

Criteria for bulk limited conduction 

4.1 Introduction: 

The current in a bilayer device is denoted by the injection and transport of carriers at the 
interface. At high injection barriers, the number of charge carriers injected into the bulk 
per second, is limited by the height of the potential barrier at the contact, and the current 
regime is thus said to be contact limited. Lowering the injection barrier will eventually 
lead to a situation where the organic material is no longer able to transport injected 
charge carriers sufficiently fest across the bulk. A space charge will thus arise within the 
bulk, and the current regime is said to be space charge limited' or' bulk-limited [9]. 

In the models developed so iar, it was assumed that the current is bulk limited. In this 
chapter we develop analytical models that define the range of energy barrier at the 
contact, when the condition of bulk-limited transport is likely to hold good in the device. 
Rirthermore, since the bilayer device structure enhances the space charge confined in 
LED compartments, we try to model the effect of band discontinuity in bilayer devices, in 
maintaining the bulk-limited conduction. 

4.2:The Device Physics: 

Theoretical modeling of the charge injection has been attempted by several approaches 
[10-13]. In this section the model for charge injection is outlined. The model assumes 
injection to be a combination of thennionic emission and quantum mechanical tunneling. 
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but with the important feature of theimionic backflow. The hole current density flowing 
across the contact can be expressed as [12]: 

(4.2.1) 


where is the thermionic emission current density, J.^ is the back flowing interface 
recombination current density, and is the tunneling current density. A simple model 
for the thermionic emission current density is: 

irt = AT* Xaxpi-^JkT) (4.2.2) 

where A is Richardson’s constant. Because of the image force, the Schottky energy 
barrier to hole injection depends on the electric field at the interface as: 

(4.2.3) 

y v. 

The imt^e force barrier lowering term is only included, if the electric field has the correct 
sign. The interface recombination current density is proportional to the hole density at 
interfiice: 

iy,=tp(0) (4.2.4) 

The kinetic coefficient v is determined by detailed balancing between thermionic 
emission and interfiice recombination. The tunneling current density is calculated using 
the WKB approximation for tunneling through a potential given by the image force 
model. Tunneling is only possible if the electric field at the interface has the correct sign: 

To determine the kinetic coefficient v it is necessary to specify an equilibrium 
model for the polymer. For the equilibrium description, the polymer is considered to be 
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made up of a series of conjugated chain segments. Non-degenerate cases are considered 
so that the occupation probability of a conjugated chain segment by electrons or holes is 
much less than unity. Let be the density of the conjugated chain segments multiplied 

by the number of ways fliat a chain segment can be occupied by an electron or hole (i.e. 
its degeneracy). The equilibrium hole density is: 

p, (x) = tio X exp((£v - e(p{x) - (4.2.5) 

where 0(jc) is the position-dependent electrical potential and T is the Fermi energy. At a 
contact the Fermi energy is determined by the metal. Because the potential is continuous 
across the interface, the equilibrium hole density is: 

p,(0) = noXexp(-^fc/A:r) (4.2.6) 

where the equilibrium value for the electric field at the contact is used to evaluate . 

Equating the thermionic emission current density, Eq. (4.2.2), and the interface 
recombination current density, Eq. (4.2.4), at equilibrium determines the kinetic 
coefficient v: 

v = ArVno (4-2.7) 

With this value for v, the theimioiric current density can be written as: 

= vuo xexp(-^^/fcr) =vxp (4.2.8) 

where p is the quasi-equilibrium hole density at the contact including the barrier 
lowering due to the electric field, £(0) . 

The net hole current density at x=0 can be written as: 
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J,(0)=v|p-p(0)]+i„ 


(42.9) 


where v x p(0) is the interface recombination cunent and v x p is the themionic emission 
current density. At steady state the total particle cunent does not depend on position. For 
a single-carrier (hole-only) device there is only one component to the particle current and 
therefore that component is independent of position and (0) is eq^^^l to the net device 

current density. Eq. (4.2.9) can be solved for p(0) : 

= ('*■210) 

V 

where J is the net device current density. For polymer diodes the device current density is 
negligible compared to the sum of the thermionic and tunneling current densities so that J 
can be dropped in the above equation. There are two limiting legirttes: One in which the 
thermionic emission current density is large compared to the tunneling current density so 
drat p(0) ss p , and other in which the tunneling current density is Isrge compared to the 
thermionic emission current density so that p(0) = /,„/v . The first limit often occurs in 
polymer LEDs under their usual operating conditions. 

Fig.4, 1 compares J-V characteristics of device in which cathode is fixed to be Au (4.3eV) 
and the anode contact is varied to Pt (5.7eV), Cu (4.6eV). The magnitude of the three 
components of the injected current, that is the thermionic (dotted line), interface 
recombination (solid line), and tuimeling (dotted line) current components, together with 
the net device current (dashed line) for the devices with Pt, Cu, and A1 contacts is shown 
in the figure. The first panel shows the case of Pt-injecting contact, where the energy 
barrier to injection is essentially zero (0.05ev) and the cuireut flow is space charge 
limited. In this case the magnitude of the thermionic emission and interface 
recombination currents are very large and they almost exactly cancel each other out. The 
net device current, which is the difference in magnitude between thermionic emission and 
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Fig.4.I Calculated values of mjection current components and device cuirait as a function of Bias. 

J.Appl. Phys., Vol82, No 12, iSDecember 1997: ‘ Device model for single carrier organic diodes’: 
P.S.Davis, Ui.Campbell and D.LSmith 


interface recombination currents, is much smaller than either of these two components 
separately. There is no tunneling current because the electric field at the contact has the 
wrong sign for turmeling. The thermionic emission current and interface recombination 
currents are independent of bias because the applied electric field is completely screened 
by a large carrier density at the interface and the electric field at the interface has wrong 
sign for image force baniw lowering. 

The second panel of Fig.4.1 shows results for the device with a Cu contact where die 
energy barrier is increased to 0.6eV and the current flow is contact limited. The 
magnitude of the thermionic emission and interface recombination components are still 
much larger than the net device current in this case. The electric field near the contact is 
no longer screened by a high density of carriers near to the interface, as is the case for the 
device with a Pt contact and there is image force lowering of the barrier. Therefore, the 
thermionic emission current is bias dependent and in addition turmeling is possible. Over 
most of the bias range shown, thermionic emission is much larger than turmeling, but 
tunneling is a stronger function of the bias than thermionic emission is and at the highest 
bias shown these two current components become comparable. 
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Fig.4.2 (a) Current Density (A/cm^) plotted widi respect to ^plied bias (V), as a function of different 
hole barriers bI mode, jfor a singje layer hole only device. Electron barrier at the cathode is 1.4eV and 
the hole (electron} noobility is 0.5xl0'^(0,5xl0'*) cmW-sec. 



Fig4.2 (b) Current Density (A/cm?) plotted with respect to different hole barriers at anode, for a single 
layer hole only device at an applied bias of 8V. Electron barrier at the cathode is 1.4eV and hole 
(electron) mobility is 0.5x10'® (0.5x10 *) cm^/V-sec. The simulation results are obtained at 8V. 






Thus for typical polymer LED device parameters cuiient is space charge limited if the 
energy hairier to injection is less than a particular value and contact limited if it is larger 
than that. Injection currents have a component due to thermionic emission and a 
component due to tunneling. For typical polymer LED parameters the thennionic 
emission current is larger than tunneling current under normal biasing conditions and in 
all the cases, the net device current is small compared to the largest injection component. 
Interface recombination almost exactly cancels the injection current; that is, most carriers 
that are injected into polymer fall back into metal contact. As a result of the very low 
mobilities of conjugated polymers, only a very small fraction of the injected carriers are 
extracted from the contact region. 

4.3 Numerical simulatioii and analytical modeling: 

Intuitively one expects, that for small energy barrier contacts, space charge effects in the 
bulk will limit the current flow in a single-carrier device, and for large energy barrier, 
current flow will be limited by the contacts. To investigate the transition between space 
charge limited and contact limited current flow, we consider organic diodes, with 
injection barriers such that holes domdnate the current flow. Fig.4.2 (a) shows a log-linear 
plot of simulated current density-voltage (J-V) characteristics and Fig.4.2 (b) shows the 
variation of current density with respect to hole injection barrier at the anode. The results 
are obtained by varying anode barrier for hole injection from O.leV to 0.6eV in O.leV 
steps. The simulated results for 0.1, 0.2 and 0.3eV barriers are nearly the same. For these 
cases the current is bulk- limited. As the energy barrier is further increased the current is 
decreased indicating that the current flow becomes contact limited. These results show 
that, for typical organic LED device, it is important that injection barriers be kept less 
than value at which transition from bulk-limited to contact limited conduction occurs. 

4.3.1 Analytical Model: Single layer hole only device structure: 

To investigate the transition between bulk limited and contact limited current flow in a 
single layer device; simulations were carried out for two different device structures. We 
specifically consider the case in which the energy barrier to injection of electrons is much 
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Fig% 43a Spiaial vanadon of hole concmtradon, at an. £^plied bias of 5V, for bnlk-Himted conduction, for 
Au/Poly/Au device on Log-linear scale. The hole (Section) barrier at the anode (cathode) is 0.2eV(2.2eV) 
8Hnd the hole (dectron) inobifity is 0.5x10’^ (0.5x10 *) cmW-sec. 



Fig,43b Spatial Variation of electric field (MV/cm), for birik-limited Conducdon, at an applied bias of 5 V, 
for Au/Poly/Au device, on Log-Linear scale. The hole (electron) barrier at the anode (cathode) is 
0.2eV (2.2eV) and the hole (electron) mobilily is 0.5x10"^ (0.5x10 *) cmW -sec. 
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Fig. 4.4a Spatial variatitm of hole concentration , at an applied bias of 5 V, for contact limited conduction, 
far ITO/Poly/Al device on Log-linear scale. The hole (electron) barrkr at the anode (cathode) is 
0.6eV(I.4eV) and the hole (electron) mobility is O-Sx!©"* (0.5x10^) cmW-sec. 



Distance from Anode( A°) 


Fig.4.4b Spatial Variation of dectric field (MV/cm), for contact limited conduction at an applied bias of 
5V, of a ITO/Poly/Al device, on Log-linear scale. The hole (dectron) barrier at the anode (cathode) is 
0.6’eV(1.4eV) and the hole (electron) mobility is 0.5xlo ‘(0.5xl0'*) cmW-sec. 
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larger than that tor holes, so that the holes dominate the current flow in the device. Fig.4.3a 
and Fig.4.3b show that for small Schottky energy banieis at anode (0.2eV), the cunent 
flow is bulk limited and the electric held in the structure is highly nonunifonn. Fig.4.4a 
and Fig.4.4b show that for larger energy barrier at anode (0.6eV) the cunent flow is 
contact limited, the net injected charge is relatively small, the electric field is nearly 
uniform, and space charge effects are not important. 


The simulations earned out suggest that under bulk-limited condition, there is a large 
accumulation of holes near the hole injecting contact, and hole density decreases with 
increase in distance from the contact. (p(0) > p(x) : x >0) , however for contact limited 
current flow, charge density is nearly uniform under the influence of high electric field 
(p(0) » p(x) : x>0). These results provide foundation for subsequent analytical 
discussion on the limitations of charge flow across metal-organic interfaces, from which 
a fairly coherent description of the transition from bulk limited to contact limited regime 
can be deduced. 

Electric field in a single layer hole oiily device is non-uniform and can be expressed as 
[16]: 


£(x) = 


2Jx 


(4.3.1.1) 


Current density for a single layer hole only device, in terms of voltage and interelectrode 
spacing is given by : 

9 V® 

(4.3.1.2) 

From the continuity equation, current density can be expressed in terms of electric field 
and hole density as: 
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J -qjit^p{x)E{x) 


(4.3.13) 


We neglect the relative magnitude of the diffusion cuirent in terms of drift current, due to 
poorly characterized diffusion constant and moblities of the polymer. Rearrangement of 
Eq. (4.3. 1.3), and substitution of Eq. (4.3.1. 1) in Eq. (4.3. 1.3), yields foUowing 
expressions; 


qlix)= 


J_ 


40 J 


qP{x) = 


qP{x) = 


2Jx 



(4.3.1.4) 


Substitution of Eq. (4.3.1.2) in Eq. (4.3.1.4) gives: 


qPix) 








(4.3. 1.5) 


This is approximately equal to: 


qPix) 




(4.3.1. 6) 


The hole density at a distance of x=(d/10) fiom the anode can be obtained from Eq. 
(43.1.6) as: 
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1 


(4.3.1. 7) 



1 ^r^cy 

— y ^ 

#x(rf/io) 


However finoiB the pievious discussions and the simulation results, as long as current is 
bulk-iiniitcd, \p{d / 10) « p(0)} i.e. hole density at a distance of d/lO away from hole 

injecting contact, given by Eq. (4.3. 1.7), will be less tban the hole density injected at the 
contact: 


d‘ 


« qP(0) 


‘or’ 


qPiO)»S 


l J UJ 


(4.3.1.8) 


Eq. (4.3. 1 .8) states that p(fi) is much greater than p(d / 10) , without any reference to the 
magnitude by which it exceeds p(0) . If a factor ^ is introduced, which takes into 
account the factor by which hole density at the hole injecting contact exceeds hole 
density at the distance x=d/10, then Eq. (4.3.1 .8) can be expressed as: 


qP(0)d^^xSv^ 


d 


\ 


Above expression can also be better expressed as: 

Q^^xCVS 


(4.3. 1.9) 


‘or’ as: 
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Fi8-4.S Variation in transitx»n point from SCLC to contact limited regime, as a function of different values of 
device thickness, fur a sing^ layer hole only device. Open drcle denotes values obtained from simulator and 
solid square denotes values obtamed fromEq. (4.3.1.14) at5V for ^=5.6. 



Flg.4.6 Shows variation in transition point from SdC to contact limited regime as a function of different 
values of density of states in valence-band for a single layra- hole only device. Oprai circle denotes values 
obtained from simulator and solid square denotes values obtained fromEq. (4.3.1.14) at 5V for ^=5.6 
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will cause the device to operate in the contact limited regime.Fig.4.5 shows banier 

tieight at the anode obtained from the numerical simulator and those calculated by the 
above expression, for different device thicknesses, ranging from 250 to 20000 A. The 
banier height predicted by the above expression matches exactly with the simulation 
results on introducing proper value of ^ . 

Furthermore, Eq. (4.3.1.14) also shows that the barrier height is also sensitive to the 
effective density of states in the valence band. Fig.4.6 shows that the barrier height 
predicted by above expression, for various densities of states Nv, is also in good agreement 
with the simulated values. For all the calculated values of , value of ^ is adjusted, such 

that the barrier heiglit predicted by Eq. (4.3.1.14), matches well with the barrier heights 
obtained by the numerical simulator. 

4.3.2.A]ialytkal model: Bilayer hole only device: 

From the discussion on the operating principles of device it is clear that thermionic 
injection is the rate-limiting phenomenon. Thermionic current can be expressed as [15]: 

/rt =^VMoXexp(-<>^/&r) (4.3.2.1) 

Where V is the thermal velocity, is density of conjugated chain segments multiphed 

by number of ways that electrons or holes can occupy a chain segment. Eq. (4.3.2.1) 
gives the ToaiciTnnTn value of current density that contact is capable of supplying. At zero 
energy barrier to hole injection, contact can supply maximum current With increase in 
energy barrier at contact the amount of earners, and hence the current injected in the 
organic layer decreases. 

From the expression derived in chaptei2, current density in a bilayer hole only device, 
can be expressed as: 
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(43.2.2) 


Jp = V, xexpi-AEjkT) 

From Uie definition of bulk-limited conduction, as long as the cuirent supplied by 
contact is grettfer than the current conducting capacity of the bulk, we assume that the 
device operates in bulk-limited regime. This can be expressed quantitatively fiom Eq. 
(4.3.2. i) and Eq. (43.2.2) as: 


x/tp x~x( ^ xexp(-A£v/fcr)« qvn„xtx^(-<pJkT) 

Ki Ci 2 


"of as: 


X/Up x.^x(l:^)* xexp(-AEy/kT)^jgvn^ xexp(- «>,/££) 
^2 ^ 


(4.3.2.3) 


Similar to the derivation in single layer hole only device, introduction of factor will take 
into account the fistctor by which injected current exceeds current actuality carried by low 
mobility organic layer. 
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(43.2.4) 


Fig 4.7 shows comparative trend Mowed in the variation of transition point w.r.t. to 
change in valence band discontinuity A£,, for^=10. Figure shows that the trend predicted 
by Eq. (4.3.2.3) is in good agreement with the values obtained by numerical simulator. 
However the barrier heights at the contact given by Eq. (4.3.2.3) are an overestimation of 
values obtained with the help of simulator. This fact can be better justified in reference to 
Fig.4.2, which shows that the cuirent value given by Eq. (4.3 .2.1) exceeds total device 
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Flg.4,7 Shows vanatioa in transiB on point from SCLC to contact limited regiine as a fimctioii of valeace- 
band disoontinaity for a bilayer hole only dewice. Open cirde denotes values obtained from the simnlatftr 
and soHd circles denotes *e values obtained from Eq. (4.32.4) at 12V fin: ^=10.Tlie hole (electron) mobility 
in both the layers is O.Sx I0'‘(0.5xl0 *) cmZA^-sec. The hole injection barrier at anode is 0.2eV. 

cunent, by 2-9 ordeis of magnitude, depending on applied bias and energy barrier at the 
contact. It can also be seen that jfor the bilayer devices energy barrier 0;, , is greater than 

the energy barrier obtained for a single layer hole only device. In a bilayer device space 
charge is certainly enhanced because of the presence of barrier at the organic interface, 
and hence bulk dominated range is obtained for greater value of energy barrier at the 
contacts, than in case of single layer device. Also as the hole energy barrier at the interface 
increases, range for the bulk dominated conduction increases. 

4.33.AnaIyticaI model: Bilayer device 'with bipolar injection: 

S imilar ly analytical model for bilayer device under bipolar injection can be obtained with 
reference to current density equation in chapter.3 as; 
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(4.3 .3.1) 





xexp(-^j, JkT) 


0 ,^ 





(4332) 


Here no cm\ be equal to density of conjugated states for conduction band or valence-band 
depending on the electron (hole) injecting contact.Fig.4.8 shows the trend followed in 
transition point with change in barrier at interface. The calculated and simulated values 
follow similar trend with change in discontinuity at organic interface. Fact that the 
equation is obtained without any reference to barrier at the interface is reflected in nature 
of plot. The difference between the election and hole barrier heights in simulated values is 
due to the difference in election and hole mobility. 



Valence band discontinuity at organic interface (eV) 


Fig43 Shows variation in tcansili<Hi point from SCLC to contact limited regime as a function of valence- 
band discontinuity for a bilayer device under bipolar mjection condition. Open synobols denotes values 
obtained from foe simulator and solid circJes denotes foe valnes obtained from Eq. (4.3 .3.2) at 12V for 
^=10.The hole (electron) mobility in both foe layws is 0.5xl0'®(0.5xl0'*) cm?A^-sec. 
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Chapters 

Conclusions: 


OLEDs are a relatively new type of device. Tlie results of this woik are aiined at 
gaining insight into fundamental issues of the device operation and to put more intuitive 
reasoning on finn theoretical basis under analytical fiamework. In the present work, 
analytical models arc developed for bilayer devices in particular, which reveals the 
dependence of current, efficiency etc. on various device parameters. 

In this elToit, analytical models for bilayer hole only device have been developed. 
These models include ‘valence-band’ and mobility discontinuity effects. The analytical 
models adequately describe the cunrent-voltage characteristics of the device in the 
forward as well as reverse direction. The developed model predicts that under forward 
bias condition current is interface barrier limited for larger barrier heights, and the 
dependence of current on both the voltage and thickness of hole blocking layer is 
identical. The model predicts cunent density from large to small hole barrier heights at 
the organic interlace and is found to be valid for arbitrary values of hole barrier heights 
and mobility ratios. While under the reverse bias condition current is still found to be 
space charge limited with important effects of mobility ratio in the transport and blocking 
layer. The bilayer device under bipolar injection condition, with a variety of thicknesses 
and energy barriers at the organic interfece has been studied. 

The analytical model developed for bipolar bilayer device describes the current- 
voltage characteristics in the forward direction. Along with this, bilayer device structures 
under bipolar injection condition were aimed at studying recombination with change in 
the electron-level and hole-level offsets at the organic interface and gaining insight into 
fundamentals controlling recombination rate profile. It has been observed that best 
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recombination magnitude and profile is observed when the Valence-band’ ofifeet 
A/-:, =0.6fV' and ‘conduction-band’ offset, A£, ^0.6eV . 

The analytical models are developed under the assumption of bulk-limited 
conduction. Elaborating upon this idea, the analytical expressions are developed to 
explore the injection conditions, when the developed models are likely to hold good. 
These analytical models define the range of energy barrier at the carrier injecting contact, 
both in single layer as well as in bilayer device structures, when the condition of bulk- 
limited transport in the device is satisfied. Analytical expressions are able to model the 
effect of band discontinuity in maintaining condition of bulk-limited conduction. 

To summarize these ab initio analytical models can provide a substantial 
contribution to the study of current voltage characteristics and injection and transport 
processes involved. The developed models are parameter-fiee and does not rely on any 
specific physical or chemical nrechanism of the device which makes them good candidate 
for ubiquitously explaining the observed behavior The validity of these developed models 
are investigated by the means of numerical simulation. A number of new insights have 
emerged from this study, and we emphasize the consequences of the properties thus 
discovered with respect to the functioning of OLED devices, hr particular OLEDs can be 
designed and better understood with the aid of these analytical expressions. These 
models, however are not backed up by the experimental results. 

However, in order to analytically describe current in bilayer devices certain 
simplifying assumptions were made. Thus applicability of these models in practical 
devices is a matter of these assumptions and can be reviewed. Furtiier, refinement by 
removing these simplifying assumptions will ultimately lead to their practical 
applicability. Further refinement is possibly by considering trap filled cases and taking 
recombinmion into account. These models can be naturally extended to more structurally 
complex cases. 
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Appendix 


SimWindo^: 

SimWindov^ is a semiconductor device simulation program oiigmaUy developed at the 
Optoelectronics Computing Systems Center at the University of Colorado, Boulder. It 
handles a variety of optoelectronic devices by solving the semiconductor equations in one 
dimension. As a result, SimWindows assumes that all variables such as current, field and 
potential, etc. vary parallel to the flow of current but are uniform in the direction 
perpendicular to the current. Simulation tools help device designers determine how these 
various elBscts interact The software extends many of the traditional electrical models, 
optical model and th«mal models. These combinations of models can predict many 
aspects of optoelectronic devices that traditional simulation programs cannot. 
SimWindows provides a large degree of flexibility for the user to control and modify flie 
models in SimWindows. The user can also add new models depending on the 
circumstances. 

The modified material parameter files used for organic material- 1 and organic material-! 
are shown below; 

Material parameter file: 

#MEH_PPV 
Organic Matedal-1 
Alioy=Ddfeult 
BAND_QAP Value=2.4 
ELECnilON JiJJFINTrY Value=3 
STATIC J>ERMrnvrrY Value=3 
REFRACTIVE_IM)EX Value=:3.44 
ABSORPTION S^mcnts=4 
start_e=0.0 end_e=l.l value=0.0 

start_e=l.l «id_e=2.5 model=power_absorptiont!etms=6^ ,0,0,1. 1,2 
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start_e=2.S aid_e=3.2 value=6c3*(E-l.l)'^2+8e4*(E-2.5)^2 
start_o=3.2 e!nd_e=100 vaIue=6e3*(E-l.l)''2+8e4*(TB-2.5y‘2+1.26e6*(E-3.2)'H).5 
THERMAL_CONDUCnvrrY V£duc=1.412 
DERIV_THBRMAL_CONDUCT Value=0 
BLfiCTRON_MOBnJrrY Value=0.5e-8 
HOLEJMOBIUrrY value=0.5E-6 
EL£CTRON_E)OS_MASS Value=1.4el 
H01JB_D0S_MASS Value=1.4el 
BLECrRON_COND_MASS Value=0.26 
HOLE_CX)NDJMASS Valuc=. 386 
BIJBCTRON_SHRJJFETIME Valuc=1.0e-06 
HOLE.SHRJUDFETIME VahMS=1.7e-06 
ELECTRON^UGER_COEFHCIENT Value=1.5&-31 
QW_BLBCTRON_AUaER^COEFHCIENT Value=0.0 
HOLE^UQBILCOBFFICffiNT Value=1.5e-31 
QWJH[OLE_AUGBIL.COBFFICIENT Vahie=0.00 
RADJElECOMB_CONST Valiie=3e-13 
EI£CrRON_ENERGY_LIFETIME ValBe=1.0e-8 
HOLE3NERGYJJFETIMB Vdue=1.0e-8 
QW_RAD_RBCOMB_CONST Value=0.0 
BLBCTRON_COIUSION_FACTOR Value=-0.5 
HOLE_COLLISION_FACTOR Valuc=-05 


#CN_PPV 
Organic Material-2 
Alloy=Defaalt 
BAND_GAPValue=3 
BLECTRON.AFFINrrY Va]ue=3 
STATIC JPERMITIVITY Vaiue=3 
REFRACTIVE.INDBX Value=3.44 
ABSORPTION S^ments=4 
stait_®=0 0 end_e=l.l value=0.0 

start_e=l.l end_e=2.5 mod^=power_absoiption tMins=6e3 ,0,0, 1-1,2 
start_e=2.5 eiid_e=3.2 value=6e3*(E-l.l)'^2-i-8c4*(E-2.5)'^2 
start_e=3.2 cnd_e=10O value=6e3*CE-l.ir2-l-8e4*(E-2.5)'^2-H.26e6*(E-3.2)''0.5 
THERMAL.CONDUCTIVrrY Va])xe=1.412 
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DERr/_THBIUvL\L_CONDUCT Value=0 
BUSCTRONJ^OBIUTY Vah»=0.5©-8 
HOUB_MOBILrrY vaIue=0.5ft-06 
ELECTRON JX)S_MASS Value=1.4el 
HOLE_DOSJMASS Vahe=1.4el 
BUECTRON_(X)NDJvIASS Valuc=0.26 
HOLE_CONDJMASS Valae=.386 
ElECmON.SHR^LBFETlME Value=l.e.70 
HOLE_SHR_UFETME Value=l .&-7 
ELECrRON_AUGEIL.COEFFICffiNT Value=1.5e^31 
QWJBL£CTRON_AUQER_COEFFICffiNT Value=0.0 
HOLE_AUaER^COEFFICffiNT Value=1.5e-31 
QWJH[OIJB_AUQER^COEFFICIENT Vjdue=0.0 
RAD_RECOMB_CONST Vdue=3e-13 
ELECrRONJBNBRGY_LIHBTIME Valu6=1.6-8 
HOLE.^ENERGY_LIFETIME Vj*ie=l .e-8 
QWJlAD_RECOMB_CONST Value=0.0 
ELECTRON_COmSION_FACTOR Value=-0.5 
HOLE_COIUSION_FACTOR Value=-0.5 
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